Abstract-We have previously developed 2-D array transducers for many real-time volumetric imaging applications. These applications include transducers operating up to 7 MHz for transthoracic imaging, up to 15 MHz for intracardiac echocardiography (ICE), 5 MHz for transesophageal echocardiography (TEE) and intracranial imaging, and 7 MHz for laparoscopic ultrasound imaging (LUS). Now we have developed a new generation of miniature ring-array transducers integrated into the catheter deployment kits of interventional devices to enable real-time 3-D ultrasound scanning for improved guidance of minimally invasive procedures. We have constructed 3 new ring transducers. The first consists of 54 elements operating at 5 MHz. Typical measured transducer element bandwidth was 25%, and the 50 Ohm round trip insertion loss was −65 dB. Average nearest neighbor cross talk was -23.8 dB. The second is a prototype 108-element transducer operating at 5 MHz. The third is a prototype 108-element ring array with a transducer center frequency of 8.9 MHz and a -6 dB bandwidth of 25%. All transducers were integrated with an 8.5 French catheter sheath of a Cook Medical, Inc. vena cava filter deployment device.
I. Introduction
T he past few decades have seen tremendous breakthroughs in the development and application of interventional medical devices including inferior vena cava (IVc) filters, vascular stents, aortic aneurysm stent grafts, vascular occluders, cardiac occluders, prosthetic cardiac valves, and catheter and needle delivery of radio frequency ablation. However, imaging modalities have not kept pace as these procedures are typically performed under fluoroscopic guidance and make use of X-ray contrast agents. although fluoroscopy has excellent visualization of these devices in the body, soft tissue structures are not easily visualized. a bolus injection of X-ray contrast agent provides only a momentary glimpse of vascular structures. Finally, fluoroscopy is not inherently a 3-d imaging modality. The ability to visualize the surrounding anatomy as well as the device in 3 dimensions could be a useful attribute in the placement of these devices.
building upon our previous work [1] - [9] , we describe the design, fabrication, and testing of new transducers to explore the feasibility of using real-time 3-d ultrasound to guide the deployment of 2 of these interventional devices: IVc filters and abdominal aortic aneurysm stent grafts.
A. Vena Cava Filters
Frequently when a patient is nonambulatory for a period of time or has physical trauma, a blood clot or thrombus can form in the lower extremities. This condition is known as deep vein thrombosis (dVT). deep vein thrombosis of the lower extremities occurs in adults with a yearly incidence of 1.6 per thousand and a cumulative risk by age 80 of 11% in males [10] . These blood clots may then travel up the venous system to the heart and lungs causing a pulmonary embolism, which occurs in 20 to 30% of patients with dVT. pulmonary embolism (pE) is a serious condition that occurs in 355,000 patients and causes an estimated quarter million deaths in the United states every year [11] . multiple anticoagulation agents are now available for the initial treatment of dVT including heparin and oral agents such as the vitamin K antagonists. patients with idiopathic dVT or persistent risk factors require anticoagulant therapy for a minimum of 6 to 12 months, with a cumulative risk of recurrence as high as 30% at 8 years [12] . development of IVc filters to interrupt flow in the IVc and prevent pulmonary embolism began some 50 years ago. The use of these devices has increased dramatically during the last 2 decades, with estimates of 49,000 implants yearly in the United states by 1999 [12] . IVc filters are indicated in the following conditions [11] : 1) documented dVT or pulmonary embolism with a contraindication to anticoagulation; 2) failed treatment with anticoagulation; 3) failure of another form of vena cava interruption; 4) prophylaxis for proximal free-floating thrombus; 5) highrisk patient populations such as those with pulmonary hypertension and reduced cardiac reserve who are undergoing surgery for morbid obesity or orthopedic trauma; and 6) pregnant women with dVT.
prophylactic vena cava filter placement offers a protection rate of almost 99% against fatal pulmonary embolism. Vena cava filters have also protected patients with a history of pulmonary embolism who have contraindications for anticoagulation. IVc filters are placed using a percutaneous procedure generally from a femoral or jugular vein. Filters are usually placed in the inferior vena cava below the renal veins. although IVc filters are usually placed under fluoroscopic guidance, there is increasing interest in placing them using ultrasound guidance. The extensive fluoroscopy, cavography, cT, and contrast agent associ-ated with these procedures necessarily entail large X-ray dosage to the patient and medical personnel.
several authors have described successful placement of IVc filters using 2-d transabdominal ultrasound (TaUs) [13] , [14] or 2-d intravascular ultrasound (IVUs) [15] , [16] . TaUs provides real-time images that often allow placement of an IVc filter, but this technique cannot be used in very large patients or in patients with bowel gas that obscures visualization of the IVc. IVUs overcomes these shortcomings, but it lacks the longitudinal overview of the IVc and filter introducer provided by TaUs.
IVUs provides better visualization of the vessel lumen than TaUs and overcomes the potential for TaUs guided filter placement attempts to fail due to the lack of an adequate window. However the trans-axial images provided by IVUs do not define the relationship of the IVc filter introducer sheath to the renal veins. moreover, difficulties arise with advancing the IVUs probe into the IVc, an inability to localize the renal veins, or an inability to define potential abnormalities. Ideally the IVc filter should be placed in close proximity to the renal veins, but the axial view provided by most IVUs systems limits the operator's ability to estimate the distance from the filter introducer to the renal veins.
Finally, we note there is increasing interest in bedside filter placement in critically ill patients [16] . many of these patients are difficult to transport to an angiography suite for conventional fluoroscopically guided placement. In critically ill patients the rate of complications potentially attributable to transportation ranges from 5.9% to 15.5%. a real-time 3-d IVUs probe providing simultaneous sagittal, coronal, and axial views would overcome the shortcomings of both TaUs and conventional IVUs and improve bedside filter placement. a 3-d IVUs provides several potential advantages. First, it is not blocked by abdominal structures like conventional TaUs. second, it can produce axial and sagittal images of the IVc like TaUs, and it can also produce coronal images not available in either TaUs or IVUs. The coronal image may be the most useful single view for ultrasound guided filter placement. potentially, in this one view, the operator can visualize both renal veins, the filter introducer sheath, and the IVc. as improvement in 3-d imaging occurs, real-time volume rendered images may be the best tool for ultrasound-guided IVc filter placement. a large field of view and deep penetration would give the operator a complete overview of the IVc, its branches, and the filter introducer.
B. Abdominal Aortic Aneurysm Stent Grafts
abdominal aortic aneurysm (aaa) is a permanent focal dilatation of the artery to 1.5 times its normal diameter affecting approximately 1.5% of the United states population [17] with more than 200,000 americans diagnosed each year. The natural history of aaas is to expand and rupture. aaas and aortic dissections are responsible for at least 15,000 deaths yearly and in 2000 were the 10th leading cause of death in white males 65 to 74 years of age in the United states [18] . The prevalence of aaa in older men ranges from 4.2 to 8.8%. With an aging population, the incidence and prevalence of aaa is certain to rise. most aaas are asymptomatic, and physical examination lacks sensitivity for detecting an aneurysm. risk factors include age, 65 years or older, male sex, strong family history of aaa, and smoking at least 100 cigarettes in a lifetime [19] . What sets aaa apart from more common causes of death is that it is a preventable problem. The U.s. preventive services Task Force states that screening benefits patients who have a relatively high risk for dying from an aneurysm.
Thus, the major impetus for aaa repair is for prophylaxis against aneurysm-related death. The 2 primary methods of aaa repair are open and endovascular. Traditional open aaa repair involves direct access to the aorta through an incision in the abdomen. This repair method is well established as definitive, requiring essentially no follow-up radiologic studies. However, as with all other major abdominal surgical operations, associated significant morbidity and mortality exist along with prolonged recovery and various late complications. Furthermore, both mortality and morbidity increase significantly with advanced patient age and associated co-morbid disease states.
Endovascular aaa repair using covered stent-grafts offers a significantly less invasive alternative to conventional open-surgical repair. an endograft, typically a cloth graft with a stent exoskeleton, is placed within the lumen of the aaa extending distally into the iliac arteries. This serves as a bypass and decreases the pressure on the aortic wall, leading to a reduction in aaa size over time and a decrease in the risk of aortic rupture. a considerable reduction in hospital stay has been demonstrated for endovascular aaa repair, with early return to preoperative levels of activity. patients previously considered unsuitable for open repair can often receive treatment for aneurysms with endovascular techniques.
The most important issue associated with endovascular repair is that of "endoleaks" of pressurized blood into the residual aneurysm sac arising in the stent graft both during and subsequent to implantation. The problem of endoleaks results in concerns about the ability of the stent graft to protect the patient successfully from subsequent rupture. These concerns point to the critical role of highquality imaging during the course of stent graft deployment to detect patent sac vessels [10] .
In a study of 38 implants of fenestrated stent grafts [20] , the mean fluoroscopy time was 30 +/− 23 min, and 182 +/− 62 ml of potentially toxic iodinated contrast material was used per procedure. Typical deployment instructions list at least 4 angiographic examinations of the aorta and stent graft before, during, and after the implant procedure to verify patency of renal and iliac vessels and check for endoleaks [21] . The extensive fluoroscopy, angiography, cT, and contrast agent associated with these procedures necessarily entail risk to the patient and medi-cal personnel. our long-term goal is to reduce substantially these dosages by significant use of catheter 3-d ultrasound probes integrated into the graft deployment kits to guide device deployment, detect immediate endoleaks, and measure patency in the stented branch vessels.
II. methods

A. Real-Time 3-D Ultrasound Imaging
We used standard 3-d phased-array beaming forming techniques to generate our real-time 3-d images. realtime 3-d ultrasound was developed in our laboratories at duke University by von ramm and smith [22] , [23] and first commercialized for cardiovascular applications by Volumetrics medical Imaging, Inc. (VmI, durham, nc). as shown in Fig. 1 , the duke/VmI 3-d system scans a 65° to 120° pyramid with matrix array transducers of up to 500 active channels to produce 3-d scans at rates up to 30 volumes/sec using 16:1 receive mode parallel processing. although the system allows for different transmit apertures as a function of depth to keep a constant f number, we did not use that option in this work. real-time display options include up to 5 image planes oriented at any desired angle, depth, and thickness within the pyramidal scan as well as real-time 3-d volume rendering, 3-d pulse wave doppler, and 3-d color flow doppler. clinical and animal evaluations of the duke/Volumetrics scanner have shown potential advantages over conventional 2-d scanners for measurement of cardiac function in terms of ventricular volumes [24] , detection of perfusion defects [25] , reduced scanning times in dobutamine stress echo exams [26] , measurement of peak left ventricular flow velocities [27] , guidance of right ventricular endomyocardial biopsy [28] , and evaluation of congenital cardiac abnormalities [29] .
We used a VmI model 1 scanner for this work. In our laboratories at duke during the last few years, we have significantly modified the Volumetrics scanner to use our prototype 2-d arrays for applications such as real-time 3-d transesophageal imaging [7] , laparoscopic imaging [9] , and intracardiac and intravascular imaging with catheter transducers [5] at 5, 7, 10 [30] , and 15 mHz [6] . no new modifications were needed for the transducers described in this paper to run on the VmI model 1 scanner.
B. Transducer Design
We modified a günther Tulip (cook medical Inc., bloomington, In) vena cava filter deployment kit for our ring transducer. This commercial product uses an 8.5 Fr sheath (Id) resulting in an approximately 11 French (od) catheter to deploy the vena cava filter. To make connection to the piezoelectric elements, we used the microminiature ribbon cables ( W. l. gore and associates, newark, dE) incorporating parallel wires on 0.10 mm center to center spacing. We have used these cables previously in our 3-d transducer probes [5] - [9] . These cables can be used in 2 possible ways. First, every wire can be used as a signal wire to both conduct the transmit pulse to the element and the receive signal from the element to the ultrasound scanner. In this configuration, an integrated ground plane is added to the polyimide carrier of the cable. second, every other wire is used to conduct the desired signal, while the interstitial wires are grounded to reduce electrical cross talk. We make use of both methods.
ring-array transducers at frequencies up to 20 mHz are commercially used in radial scanning 2-d IVUs designs for vascular imaging especially the coronary arteries. In 2001, Wang et al. described a forward viewing ring array for IVUs applications [31] and in 2006, degertekin et al. described a cmUT-based ring transducer for forward viewing IVUs [32] . The advantages of the ring geometry for 3-d scanning have been recently described by Ullate et al., who showed significantly reduced grating lobes of a segmented annulus array due to the effective nonuniform spacing of the array when projected on any steering axis [33] .
To explore our transducer aperture design and frequency parameters, we performed Field II [34] simulations of the ultrasound beam based on transducers with the cable specifications described above. Fig. 2(a) shows a 54-element ring aperture operating at 5 mHz with a circumferential element spacing of 0.20 mm. The transducer aperture od is 3.8 mm. We approximated a true ring with rectilinear sampling corresponding to the cuts of the dicing saw. Fig. 2(b) shows the Field II on-axis beam response of the aperture in Fig. 2 (a) with a 5 mm focal point for both transmit and receive modes over an angular range from -80° to +80° yielding a -6db beamwidth of 3.8° . at ± 80° we are just seeing the grating lobe enter the beam plot.
To explore frequencies above 5 mHz, the element size would have to decrease from the 5 mHz case. The pZT-5H transducer material (Trs Technologies, Inc., state college, pa) that we use is about 0.30 mm thick to operate at 5 mHz for a 2-d array element. a 0.20 mm interelement spacing with a kerf of 0.020 mm results in an element that is 0.18 mm wide. This gives us a width to thickness ratio of 0.6. This is sufficient for the element to work in the desired bar mode. However, for a 7.5 mHz element, we typically use pZT that is 0.18 mm thick. To achieve the desired width to thickness ratio, we would like to have elements near 0.10 mm wide. With the limitation that the gore cables are on 0.10 or 0.20 mm spacing, we chose an interelement spacing of 0.10 mm. a 0.020 mm kerf results in an element that is 0.08 mm wide. because we halved the spacing, we doubled the number of transducer elements to 108. Fig. 3(a) shows the aperture; the simulated beam responses for 5 mHz are shown in Fig. 3(b) ; 7.5 mHz in 3(c); and 10 mHz in 3(d). In all cases, we focused on axis at 5 mm. Fig. 3 shows that for both 5 and 7.5 mHz, there is no sign of a grating lobe for the on-axis steering case out to +/−80°. although one is starting to show in the 10 mHz simulation, it is well outside our typical pyramidal scan angle of 65°. In each case, the side lobe levels of the annular aperture are high, reducing contrast in the final image. going to higher frequencies clearly improves the beam width and brings the side lobes much closer to the main peak. Fig. 4 shows the results from simulating the aperture in Fig 3(a) steered to 45° in both azimuth and elevation. steering our beam ± 45° would result in a 90° degree scan angle, larger than our typical 65° scan angle. as we can see in Fig. 4 , there is no sign of a grating lobe for the 5 mHz case. at 7.5 and 10 mHz, some energy away from the steered beam is starting to show up in the beam plot. However, this energy is 29 db down from the main peak for the 7.5 mHz transducer and is 25 db down for the 10 mHz case.
For ease of fabrication, we started building our prototypes with the 54-element design operating at 5 mHz. We chose this option because we have the most experience with soldering at the 0.20 mm pitch of the gore cables. We have also constructed both 5.0 and 8.9 mHz 108-element transducers on the 0.10 mm spacing.
C. Transducer Fabrication
We have previously reported our transducer fabrication techniques of using wire guides [1] , [2] , multilayer ceramic interconnects [35] , or multilayer flexible interconnects [36] , [37] for building matrix arrays. although wire guides are suitable for prototyping work, they tend to be very labor intensive. multilayer ceramic interconnects have excellent electrical properties, but poor acoustic ones, and tend to be very expensive. Flexible interconnects have improved acoustic properties over ceramic ones, but we have had difficulty obtaining them in very high-density situations. To build the ring transducers, we took a different approach.
We started with 0.075 mm thick copper clad polyimide that was placed in a tinning solution to make it easier to solder to the traces later. The copper is an additional 0.025 mm thick. We used relatively thick polyimide for the first prototypes to make the dicing easier. The thicker substrate gives us a safety factor for the cut depth on the saw if the bonding to the carrier is not perfect. For the 54-element transducer, we used our diamond wheel dicing saw (disco Hi-Tek america, Inc., morrisville, nc) to cut the copper mechanically into traces at 0.20 mm spacing. an area at one end of the traces was prepared by removing all the copper, creating a shelf of polyimide on which the transducer elements would sit (Fig. 5) . a beam of pZT ceramic (Trs Technologies, Inc., state college, pa) was prepared that was 0.30 mm tall (thick), 0.18 mm wide, and 11 mm long. This beam was attached to the polyimide with a low viscosity epoxy (Epo-Tek 301, Epoxy Technology, billerica, ma) such that the beam was on its side (Fig. 6 ). With the beam on its side, the electroded portions of the pZT are pointed in the forward direction. after attaching the pZT, silver paint was applied such that it contacted the bottom electrode of the pZT and the traces on the polyimide. The transducer beam was then diced. The whole structure was then wrapped around the 11 French catheter that is part of a cook medical günther Tulip vena cava filter deployment kit. We attached the transducer using epoxy (Hysol E-60nc epoxy potting compound). The element kerfs were filled with the same epoxy. The microminiature ribbon cables from W.l. gore and associates were then soldered to the traces and attached to the system cable for imaging. as described above, we used every other wire as a signal conductor and connected the interstitial wires to ground to improve electrical cross talk. a piece of 0.012 mm thick metallized liquid crystal polymer (lcp) was wrapped around the traces and the side of the pZT. The lcp is metallized on one side, and that side faces out so as not to contact the traces. silver epoxy (chomerics, Inc., Woburn, ma) was then applied to the face of the elements and to the metallized lcp and the grounded wires of the ribbon cables. This provided a front side ground to the pZT. Fig. 6 shows a step-by-step schematic of these processes.
For the 108-element 5mHz transducer, we started with 0.04 mm thick copper clad polyimide with laser-etched traces from microconnex, Inc. (snoqualmie, Wa), as shown in Fig. 5 . The traces are spaced 0.10 mm center to center, and the parts included a shelf area without traces for attaching the pZT. because we have a tighter interelement spacing, the pZT beam was 0.30 mm tall (thick), 0.10 mm wide × 11 mm long for the 5 mHz case. The attachment of the pZT was the same as the 54-element transducer. We diced the beam at the 0.10 mm spacing.
The 108-element, 8.9 mHZ transducer had only a few changes from the 5mHz 54-element transducer. The starting pZT beam had different dimensions: 0.183 mm tall (thick), 0.10 mm wide, and 11 mm long. It was also diced on 0.10 mm spacing. For both 108-element transducers, the microminiature ribbon cables were soldered at the 0.10 mm pitch, none of the wires were connected to ground. Each ribbon included an integrated copper shield foil that was grounded. This shield was attached to metallized lcp to provide a ground connection to the front of the elements.
D. Transducer Measurement
We tested the transducers in a water tank by pulsing and receiving on a single element with a model 5073pr pulser/receiver (panametrics, Inc., Waltham, ma). The pulser was set for maximum amplitude. We had 39 db of gain with the receiver and the low pass filter set with a 20 mHz cutoff. We used an aluminum block set at a depth of 1 cm as a reflector. We used the panametrics model 5605a stepless gate to gate the received pulse and then used a model 3588a spectrum analyzer from Hewlett packard (now agilent Technologies, Inc., santa clara, ca) to look at the frequency response. a model Tds 744a oscilloscope (Tektronix, Inc., beaverton, or) was used to display the received pulse. The pulse and spectrum was downloaded to a computer via a gpIb interface and labview software (national Instruments, Inc., austin, TX). To measure the angular response, we used the same pulser/receiver and replaced the reflector with a point target. after aligning the transducer and the point target, we rotated the point in the circumferential direction in 2 degree steps. We took 30 measurements away from the peak in each direction, for 61 total data points. Fig. 7 shows a photograph of the cook medical günther Tulip vena cava filter. The filter is made up of 4 main struts, each with fine petals that give it the characteristic tulip shape.
E. Cook Medical, Inc. Devices
For the aaa stent graft, we used the cook Zenith aaa Endovascular graft. The Zenith aaa Endovascular graft [21] is a modular system consisting of 3 components, a bifurcated aortic main body, and 2 iliac legs (Fig.  8) . The Zenith aaa Endovascular graft main body is shipped preloaded onto the Introduction system. It has a sequential deployment method enabling positioning and allowing readjustment of the final graft position before deployment of the suprarenal barbs. The main body graft delivery system uses an 18 or 20 French catheter Introduction system. Fig. 9 shows a photograph of the 54-element ring array transducer after bonding to the catheter sheath, but before adding the electrical grounding. Fig. 10 shows the completed device, with the cook medical vena cava filter (labeled F in the photo) coming out the end of the catheter, but not deployed (open). Fig. 11 shows a typical pulse (a) and power spectrum (b) of this transducer. The center frequency is 4.9 mHz and the -6 db bandwidth is 25%. There is essentially no acoustic backing behind the pZT elements and no matching layer in this prototype transducer. The average measured unloaded cross talk is -23.8 db, and the round trip 50 ohm insertion loss is -65 db. Element yield was 96%. Fig. 12 shows a plot of the angular response of a single element from this transducer. The black circles and dashed lines represent the measured data, and the black line the theoretical. We measured the response in the radial direction, away from the center point of the ring. In this direction, we assume there is minimal impact on the angular response due to cross talk between elements. stands on a piece of rubber (r). not only can we see the main struts (ms) of the filter in the c-scan image, but also the thinner wires that give this filter its tulip shape. Fig. 14 shows results of a water tank experiment with simultaneous X-ray fluoroscopy and real-time 3-d ultrasound. The 54-element ring array transducer was positioned inside the cook medical aortic stent graft (labeled g in the figure). agitated X-ray contrast agent was injected through the lumen of the catheter and imaged simultaneously in real-time with the X-ray system-see Fig. 14(a) -and the 3-d ultrasound system, which shows a cross-sectional volume rendered view of the graft bifurcation-see Fig. 14(b) . The X-ray image seen in Fig. 14(a) shows the graft (g), the catheter (I), the tip of the transducer (T), and the jet of the X-ray contrast agent (cF).
III. results
A. 5MHz 54-Element Transducer
In addition, in Fig. 14(c) we show 3-d color doppler images of the contrast agent flowing through the graft including a 4 cm deep b-scan with flow away from the transducer and into one of the legs of the graft. In Fig. 14(d) we show the corresponding real-time c-scan showing flow in both legs of the graft taken at the plane indicated by the arrows. These images were produced simultaneously with Fig. 14(a) but not with Fig. 14(b) . Fig. 15 shows a photograph of the front of the prototype 8.9 mHz 108-element ring array. The elements have been diced and the transducer bonded to the catheter lumen.
B. 108-Element Transducers
because we use the same beam length (not thickness) and interelement spacing, the 5 mHz 108-element looks the same from this perspective. It is easy to see how much smaller the elements are compared with the 54-element array shown in Fig. 9 . Fig. 16 shows typical pulse and spectrum from the 5 mHz 108-element ring array transducer. Fig. 17 shows a typical pulse and spectrum from the 8.9 mHz ring array transducer.
because both of the 108-element arrays were initial prototypes, element yield in the completed transducers was lower than in the 54-element transducer. We had about 60% working elements for the 5 mHz 108-element transducer and 55% for the 8.9 mHz transducer. The average cross talk for the 5mHz 108-element transducer was -18.6 db and -19.9 db for the 8.9 mHz transducer.
IV. discussion
We successfully completed a working 5 mHz 54-element ring array transducer for real-time 3-d intravascular ultrasound and guidance of interventional devices. The images with this transducer are very promising. although they are taken in a water tank and not in vivo, we can clearly see the major and minor struts of the cook vena cava filter. The images in Fig. 13 look very much like the photograph shown in Fig. 7 . combined with our previous success imaging IVc filters in vivo with other catheter transducers we built [38] , we are optimistic this transducer design will provide a solution for image guidance of these interventional devices.
The images in Fig. 14 of the stent graft are equally promising. To our knowledge, it is the first time a fluoroscopic contrast image was acquired simultaneously with 3-d ultrasound doppler flow of the same contrast. We can clearly see the flow in the fluoroscopic image in Fig. 14(a) , the b-scan in Fig. 14(c) , and the c-scan in Fig. 14(d) .
both the 5 mHz transducers had a center frequency near their design frequencies. However, the 8.9 mHz transducer was originally designed for 7 mHz based on previous transducers [9] . The actual center frequency is 8.9 mHz. with a -6 db bandwidth of 26%. given the way these elements were constructed, we would need a 2-d simula- tion package to try to determine why this is. We suspect that the polyimide bonded to the side of the element has some effect on the resonance. The thickness of this polyimide is approximately 0.075 mm. The speed of sound for polyimide is 2200 m/s. assuming the polyimide is a quarter wavelength resonator while attached to the pZT, this works out to a frequency of 7.3 mHz. There is a sharp null around 7 mHz in the spectrum for both this transducer and the 54-element 5 mHz transducer, also built on 0.075 mm polyimide. The 108-element 5 mHz transducer was built on the polyimide from microconnex, which was 0.04 mm thick. Unfortunately, the magnitude is so small it is hard to see the response at this frequency. However, this pulse is more symmetric than the 54-element transducer of the same frequency. We suspect that the polyimide is resonating out of phase with the pZT at this frequency, affecting the resulting pulse frequency.
looking at the angular response for the 54-element transducer in Fig. 12 , we see that we do not quite match the theoretical plot for an element of this size. The theoretical plot was based on the equation angular response = sinc(x)cos(θ) where x is {(π * element size)/λ}sin(θ), λ is the wavelength in mm and θ is the angle of incidence with respect to the transducer face. These data were taken in the radial direction, the direction in which the element is bonded to the polyimide. assuming that the element is well connected to the polyimide, we believe that the polyimide has effectively increased the size of the element from 0.18 mm to 0.255. re-running the theoretical data with this element thickness, we obtain the plot shown in Fig. 18 . We get much better agreement with these data, leading us to believe that the polyimide is effectively increasing the radial size of our elements.
There is still room for much improvement in the ring transducers. For all the transducers the bandwidths were narrow, but this is expected in an element that is essentially air backed and has no matching layer. We have described previously matching layers from conductive materials when fabricating 2-d array elements [3] . The reason for using conductive materials is that it is difficult to access any part other than the face and the back of individual elements in a matrix array. one advantage of the ring configuration from a construction standpoint is that we have access to the side as well as the face and back of the 2-d elements. This should allow us to develop matching layers from nonconductive materials. Insulating the side of the pZT beam with a material such as parylene, we can then bring the top electrode part of the way down the side of the elements. This would allow an electrical connection to the front of the pZT element. parylene has a very low dielectric constant (about 3), so any electric field in a 5 µm layer should be very low. matching layers of any material with the desired acoustic properties can be Fig. 12 . angular response of a single element (black circles and dashed line) from the 5 mHz, 54-element transducer plotted with the theoretical response (solid black line). These data were taken in the radial direction, not circumferential. Fig. 7 . The images were acquired in a water tank with a 54-element ring-array transducer integrated with the cook medical deployment kit. We see the filter (F) and rubber (r) on which it rests in both images. (b) also shows 3 of the main struts (ms) of the filter and the thinner wires that give it the tulip shape.
bonded to the face of the beam. In a batch style of manufacturing, the desired matching materials could be bonded to the face of a large plate of pZT material. The beams could be diced from this bulk material and bonded to the flex circuit as described in this work. after the silver paint is applied to connect to the back side of the elements to the traces, parylene can be sputtered onto the side of the beam that is showing. The edge of the top electrode would need to be masked off carefully in this process. applying another mask and adding a conductive metal layer would then make electrical connection to the face electrode on the pZT. The desired backing material could then be cast in place before dicing.
We also clearly have more work to do to improve the yield of the 108-element transducers. The 54-element transducer was not the first of it kind [39] and has a high yield for a research prototype. both the 108-element transducers were first-run prototypes, and their poor yield reflects this. The 108-element arrays will increase the snr of the device as a whole. our Field II simulations show that we push the clutter floor down approximately 6 db by doubling the number of elements. This will give us better contrast resolution, an important feature when trying to determine the surrounding anatomy of the inferior vena cava near the renal veins. Fig. 14(c) . Fig. 15 . photograph of the 108-element 8.9 mHz ring array after dicing and bonding to the 11 French catheter of the cook medical vena cava filter deployment kit .
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